ABSTRACT: Hierarchical nanowires (HNWs) exhibit unique properties and have wide applications, while often suffering from imperfect structure. Herein, we report a facile strategy toward ultrathin CdS HNWs with monocrystal structure, where a continuous-wave (CW) Nd:YAG laser is employed to irradiate an oleic acid (OA) solution containing precursors and a light absorber. The high heating rate and large temperature gradient generated by the CW laser lead to the rapid formation of tiny zinc-blende CdS nanocrystals which then line up into nanowires with the help of OA molecules. Next, the nanowires experience a phase transformation from zinc-blende to wurtzite structure, and the transformation-induced stress creates terraces on their surface, which promotes the growth of side branches and eventually results in monocrystal HNWs with an ultrathin diameter of 24 nm. The one-step synthesis of HNWs is conducted in air and completes in just 40 s, thus being very simple and rapid. The prepared CdS HNWs display photocatalytic performance superior to their nanoparticle counterparts, thus showing promise for catalytic applications in the future.
■ INTRODUCTION
Hierarchical nanowires (HNWs) with specific properties, such as structural hierarchy, large surface area, and direct electron transport pathways, 1 have been considered as ideal candidates for diverse applications in energy conversion and storage, ranging from solar cells, 2, 3 photocatalysis, 4, 5 and water splitting 6 to Li-ion batteries, 7 supercapacitors, 8, 9 and light-emitting diodes.
10 So far, various methodologies and approaches have been developed for the synthesis of such HNWs, including sequential catalyst-assisted vapor−liquid−solid (VLS) 11, 12 or solution-liquid−solid approaches, 13 solution growth on preformed nanowires (NWs), 14−16 screw-dislocation in combination with VLS, 17 one-step self-catalytic growth, 18, 19 and oriented attachment of branched nanoparticles. 20 As a result, various HNWs, such as brush-like SnO 2 /ZnO heterobranched structures, 21 brush-like ZnO, 19 tree-like GaP, 12 and comb-like ZnS 22 homobranched structures have been obtained; however, the existing approaches are typically nontrivial in realization, time-consuming, and require air-free conditions, 23 while their products often exhibit poor crystallinity, 1 backbone growth along polar direction, 24 and low branching density. 25 In addition, the obtained HNWs are usually very thick, with their width over 1 μm, although ultrathin branched NWs have a larger surface area, faster charge transport, and better water wettability. 26, 27 Therefore, the direct preparation of high-quality ultrathin HNWs via a simple route still remains a big challenge.
Compared with common heating sources, the continuouswave (CW) laser beam can generate extremely high temperatures for the synthesis of nanostructures. For example, a Nd:YAG 1064 nm CW laser with high power was already employed successfully to prepare carbon nanotubes. 29, 30 In particular, laser beam can heat liquid phase locally to a high temperature and produce a gradient temperature field along radial directions. 28 High-temperature accelerates reactions and thus leads to supersaturated regions formed in the beam center. 31 Violent convection induced by the gradient field transports the supersaturated solution into lower-temperature areas, leading to a burst of nucleation and the formation of nanostructures, in accordance with the Wilson−Frenkel growth theory. 28 In view of the above, we adopted a near-infrared CW laser to irradiate a precursor solution (with a specially added dye) for the synthesis of ultrathin CdS HNWs. Specifically, N,N,N,Ntetrakis(4-dibutylaminophenyl)-p-benzoquinone-bis-(iminiumhexafluoroantimonate) was chosen as a light absorber, cadmium acetate and sulfur powder as Cd and S precursors, and oleic acid (OA) as a solvent. Upon irradiating the mixture for merely a few tens of seconds, a large number of HNWs were obtained with their backbone along the [112̅ 0] direction and side arms along the <11̅ 00> and [0001̅ ] directions. It is worth noting that the novel approach is low-cost, simple, and timeefficient. The CdS structures prepared via laser heating exhibited higher photocatalytic efficiency in decaying RhB when compared with CdS nanoparticles prepared via conventional heating method. This study thus demonstrates a new, simple, and efficient approach for the synthesis of nanomaterials with complex morphology.
■ EXPERIMENTAL SECTION
Synthesis of CdS Hierarchical Nanowires via ContinuousWave Laser Irradiation. 0.2665 g of Cd(Ac) 2 ·3H 2 O and 0.032 g of S powder were added to 20 mL of OA and magnetically stirred at 100°C for 15 min to form 0.05 M OA solution. 0.036 g of dye, N,N,N′,N′,-tetrakis(4-dibutylaminophenyl)-p-benzoquinonebis-(iminium hexafluoroantimonate), was ultrasonically dispersed in 20 mL of OA. 0.4 mL of the dye in OA (1.8 g/L) was mixed with 0.2 mL of 0.05 M Cd(Ac) 2 and 0.2 mL of 0.05 M sulfur solutions in a quartz tube with a diameter of 1 cm. The CW Nd:YAG laser (500 W average power) beam was focused on the center of the prepared liquid mixture. The laser spot size and power density were adjusted to 0.8 mm and 100 kW/cm 2 , respectively. After laser irradiation for 40s, the tube was cooled to ambient temperature, and the product was extracted for characterization.
Synthesis of CdS Nanoparticles via Conventional Heating. The reaction conditions were the same as those used in the previously described laser-assisted synthesis of CdS HNWs, except that an external heat source, furnace (set as 250°C), was used instead of laser. The temperature inside the reaction mixture was in situ monitored by a temperature-sensing probe. After every 10 s, 200 μL of the mixture was taken from the reaction system for characterization.
Photocatalytic Degradation of RhB. 15 mg of CdS HNWs (as catalyst) was added to aqueous RhB solution (0.02 mol/L, 50 mL), magnetically stirred in the dark for 30 min to reach the adsorption− desorption equilibrium between RhB and the catalyst, and then exposed to visible light (150 mW/cm 2 ). A UVCUT400 filter was placed inside the vessel to preclude irradiation below 400 nm, allowing irradiation only in the visible-light wavelength range for the RhB/CdS system. For comparison, the photocatalytic activity of the CdS nanoparticles with an average size of 10 nm and commercial P25 (TiO 2 ) powder was also tested under the same experimental conditions. UV−vis absorption spectra were recorded with 10 min intervals by using a UV−vis infrared spectrophotometer to monitor the catalytic reaction.
Tomographic Reconstruction. The annular dark-field scanning transmission electron microscopy (ADF-STEM) tilt series was acquired from −60 to 64°at two-degree intervals in an instrument emitting at 200 keV. No noticeable mass loss was observed during the acquisition process. The acquired tilt series was first coarsely aligned using cross correlation. The final registrations were made manually using a Matlab script package (e-Tomo) written by R. Hovden (Muller group, Cornell) with contributions from H. Xin. The 3-D data set was reconstructed by the simultaneous iterative reconstruction algorithm implemented in Matlab. Fifteen iterations were used for the final refinement.
Measurements and Analysis. Transmission electron microscopy (TEM) analysis was performed on an FEI Technai G2 F20 TEM with a field-emission gun operating at 200 kV. The 3D structure of CdS hierarchical NWs was determined by using 3D electron tomography with high-angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM). The composition was analyzed with an Oxford INCA energy-disperse X-ray spectroscopy (EDS) module attached to the TEM. TEM samples were prepared by dropping diluted products onto carbon-coated Cu grids and rinsing with ethanol several times. X-ray diffraction (XRD) patterns were measured by a Bruke D8 advance instrument. UV−vis infrared absorption spectra were recorded on a Hitachi U-4100 spectrophotometer. The mixture of 2 mL of ethanol and 0.1 mL of OA was used as a reference, and the mixture of 2 mL of ethanol and 0.1 mL of obtained product was taken for absorption measurement. Thermograms in the CdS HNW formation process were recorded by a 100-HT digital infrared camera from IRON company (USA).
■ RESULTS AND DISCUSSION
Figures 1a,b and Figure S1 in the SI show that the obtained product was radially branched NWs with an average lateral dimension of 24 nm and lengths in the range of several microns. The average thickness of backbones and branches was measured as 6 and 9 nm, respectively, according to TEM images. Further structural analysis of the NWs was directly provided using electron tomography, where 3D tomograms were reconstructed based on a series of 2D annular dark-field STEM images recorded at different tilt angles. The 3D tomographic reconstruction shown in Figure 1c and Figure  S2 in the SI visualizes the 3D morphology of the product. The NWs are well seen to exhibit branches spreading in three directions, discerning a hierarchical nanowire (HNW) structure. The HRTEM image in Figure 1d confirms that the HNWs are single-crystalline in structure, although with some defects. The lattice spacings of 3.58 and 2.0 Å correspond to the wurtzite CdS (11̅ 00) and (112̅ 0) planes, respectively. The however, the reflections of the (112̅ 0) planes are unusually stronger than those of the wurtzite (11̅ 00) and (112̅ 0) planes, implying the presence of some zinc-blende phase that manifests through its (220) planes. Thus, both phases appear to coexist in the HNWs. The EDS analysis of the sample gave the Cd to S atomic ratio of ∼1:1 (Figure 1e) , as expected for a stoichiometric CdS crystal. XRD analysis (Figure 1f ) also supports the coexistence of both wurtzite and zinc-blende phases, which is consistent with the result of SAED analysis.
We further identify the influence of process conditions on the morphology of the products. To monitor temperature evolution during the process, we recorded thermograms of the beam-irradiated zone. In the absence of dye, the mixture temperature was observed to be constant over irradiation time and so was the absorption spectrum ( Figure S5 in the SI). Because the dye was added as a light absorber, the temperature increased with irradiation time and decreased radially from the laser beam center, where the temperature was recorded by a digital infrared camera placed 70 cm away from the reaction vessel (Figure 2a ). This confirmed that the dye molecules absorbed the laser energy efficiently and heated the reaction mixture rapidly. In contrast, a common electric furnace was found to heat the mixture much slower. (See Figure 2b. ). For instance, it only took 14 s for laser irradiation to reach to 150°C, while the same temperature was obtained in the furnace after 80 s. (See Figure 2b. ) As a result, the product of such a slower heating was irregular CdS nanoparticles with both the zinc-blende and wurtzite phases rather than CdS HNWs (Figure S6c,d) .
Absorption spectra of the reaction mixture were recorded to collect more information on the CdS nucleation and growth. As shown in Figure 2c , the absorption peak of organic dye at 1070 nm disappears gradually under laser irradiation, while that of CdS, which is typically observed at 500 nm, emerges after laser irradiation for 20 s, indicating the gradual dye decomposition along with CdS formation. For comparison, in the conventionally heated mixture of the same composition the CdS absorption peak only emerges after 80 s. (See Figure 2d. ) These results clearly demonstrate that the CdS product prepared via laser irradiation has a shorter nucleation period compared with its counterpart obtained via conventional heating.
The product formed in the conventionally heated mixture was only observed after 80 s and composed of isolated CdS nanoparticles with sizes over 7 nm and poor crystallinity. (See Figure S6a ,b in the Supporting Information.) In contrast, ultrafine nuclei (∼3 nm) formed just after 14 s of laser irradiation (Figure 3a) , with their SAED pattern suggesting a Following the nucleation, the formed nanocrystals gradually aligned and connected along a certain direction. As shown in Figure 3c , three nanocrystals with sizes around 3 nm lined up along the [110] direction, with their atomic model shown in Figure 3b . Later on, more nanocrystals joined the assembly, growing into a long NW with an undeveloped hierarchical structure (Figure 3d ). The HRTEM image illustrates that the tip area of the NW in Figure 3d comprises wurtzite grains that are separated by zinc-blende areas, with the wurtzite [112̅ 0] direction parallel to the zinc-blende [110] direction ( Figure  3e,f) . Noticeably, some branches are budding from the wurtzite grains, as shown in Figure 3g ,h. The bottom part of the NW shown in Figure 3d presents a well-grown area, where the zincblende phase disappears completely, and the branches grow epitaxially from the backbone along the <11̅ 00> directions (Figures 3i,j) . On the basis of the above, we propose a possible mechanism of CdS HNW formation that is schematically shown in Figure  4 . The high heating rate achieved by high-energy laser irradiation (see Figure 2b) induces fast reactions and causes a high concentration of CdS nuclei in the focal area. Meanwhile, the convection arising from the temperature gradient field moves the nuclei immediately to zones with lower temperatures, leading to a significant supersaturation and thus rapid formation of CdS nanocrystals with small sizes (∼3 nm), which is in accordance with the Wilson−Frenkel growth theory. 28 The zinc-blende phase was reported to be more stable for CdS nanocrystals smaller than 4 nm. 32 Hence, in this work, the tiny nanocrystals observed in the very early stage emerged as a zincblende phase. It was also reported that OA molecules can bind strongly with {001} and {111} facets of zinc-blende CdS, leaving {110} facets exposed. 33 This explains well why the tiny CdS nanocrystals connected to each other through their uncapped {110} facets along the [110] direction, leading to the formation of NWs. (See Figure 4b2. ) At the same time, the coarsened grains in NWs are expected to transform gradually into the wurtzite phase, as the latter is more stable at larger crystallite sizes. 32 Because the atomic structure of the zincblende (220) plane is similar to that of the wurtzite (112̅ 0) plane (see the cross-sectional image in Figure 4b3 ), the transformed wurtzite phase tends to grow along the [112̅ 0] direction. On the contrary, the lattice mismatch between the wurtzite and zinc-blende segments should cause an interface stress that can be released through the sliding of crystal planes, leading to numerous terraces on the NW surface. In this stage, newly arriving CdS species are expected to attach preferentially at terrace sites, 34 resulting in the epitaxial growth of branches (Figure 4b4) We tested the photocatalytic properties of the prepared CdS HNWs under visible-light irradiation after successfully stripping off OA from their surface. The characteristic absorption at ∼553 nm was selected to monitor the adsorption of rhodamine B (RhB) in water and its photocatalytic degradation. As shown in Figure 5a , after irradiation for 10 min, the absorption peak at 553 nm corresponding to RhB diminished abruptly with a concomitant wavelength-shift toward the blue region. When the illumination time was extended to 40 min, RhB was completely decayed by the CdS HNWs. For comparison, the CdS nanoparticles synthesized via conventional heating (see Supporting Information Figures S6c and S6d for details) and a commercial Degussa P25 titania powder were selected as reference. Within the chosen period of time, the photodegradation rate in the presence of the titania nanoparticles was rather slow (Figure 5b) . The photocatalytic efficiency of the CdS nanoparticles and CdS HNWs was very close, with the efficiency of the latter nanostructures being slightly higher. It should be noted that the former HNWs completely decayed RhB after only 40 min, while the latter NPs decayed as much as 95% of the same dye after 70 min. This indicates that the CdS HNWs are more efficient photocatalysts than the nanoparticles. The higher photocatalytic efficiency of the CdS HNWs is probably attributed to their unique structure that facilitates faster charge transport against the recombination of excitons, which makes them more promising for photocatalytic decomposition of organic pollutants compared with CdS nanoparticles prepared via conventional heating.
■ CONCLUSIONS
We developed a new, simple, and fast approach to generate a large-temperature-gradient field by irradiating a liquid reaction mixture containing precursors and a photoabsorber with a continuous-wave Nd:YAG laser. This field initiates the intense nucleation and growth of tiny primary CdS nanocrystals ∼3 nm in diameter and with exposed {110} facets. Driven by intense convection, such CdS nuclei then move to zones with lower temperatures where they assemble into nanowires through their uncapped {110} facets. Next, the nanowires experience a phase transformation from zinc-blende to wurtzite and then branch growth, eventually resulting in well-developed hierarchical nanowires. The obtained CdS structures exhibit higher photocatalytic efficiency in decaying RhB when compared with their CdS nanoparticle counterparts prepared via conventional heating. 
